24 Ammonia oxidizing archaea (AOA) of the phylum Thaumarchaeota are widespread in 25 moderate environments but their occurrence and activity has also been demonstrated in 26 hot springs. Here we present the first cultivated thermophilic representative with a 27 sequenced genome, which allows to search for adaptive strategies and for traits that 28 shape the evolution of Thaumarchaeota. Candidatus Nitrosocaldus cavascurensis has 29 been cultivated from a hot spring in Ischia, Italy. It grows optimally at 68°C under 30 chemolithoautotrophic conditions on ammonia or urea converting ammonia 31 stoichiometrically into nitrite with a generation time of approximately 25h. Phylogenetic 32 analyses based on ribosomal proteins place the organism as a sister group to all known 33 mesophilic AOA. The 1.58 Mb genome of Ca. N. cavascurensis harbors an amoAXCB 34 gene cluster encoding ammonia monooxygenase, genes for a 3-hydroxypropionate/4-35 hydroxybutyrate pathway for autotrophic carbon fixation, but also genes that indicate 36 potential alternative energy metabolisms. Although a bona fide gene for nitrite 37 reductase is missing, the organism is sensitive to NO-scavenging, underlining the 38 importance of this compound for AOA metabolism. Ca. N. cavascurensis is distinct 39 from all other AOA in its gene repertoire for replication, cell division and repair. Its 40 genome has an impressive array of mobile genetic elements and other recently acquired 41 gene sets, including conjugative systems, a provirus, transposons and cell appendages. 42 Some of these elements indicate recent exchange with the environment, whereas others 43 seem to have been domesticated and might convey crucial metabolic traits. 44 45 53 2012;Offre et al.
precipitation with 1 µL of glycogen (20 mg.mL -1 ) and 1 mL of PEG-solution (93.5 gL -1 159 NaCl, 300 gL -1 polyethylene glycol 6000) overnight at 4 °C. Nucleic acid pellets were 160 washed, dried, resuspended in nuclease-free water and stored at -20 °C until further use 161 (adapted from (Zhou et al., 1996; Griffiths et al., 2000) ). 162 163
Amplification of amoA gene 164
Specific primers were designed for the amplification of the amoA gene from Candidatus N. Reactions were performed in a realpex 2 (Mastercycler ep gradient S, Eppendorf AG) with the 179 following cycling conditions: 95 °C for 2 min, followed by 40 cycles of 30 s denaturing at 95 180 °C, 30 s joint annealing-extension at 60 °C, and extension with fluorescence measurement at 181 60 °C for 30 s. Specificity of qPCR products was confirmed by melting curve analysis. 182
Standards were prepared by cloning 16S rRNA genes from Ca. N. cavascurensis and E. coli 183 into pGEM ® -T Easy Vectors (Promega). These were amplified using M13 primers and 184 concentration was determined with Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific) 185 before preparing serial dilutions. The efficiencies of archaeal and bacterial 16S rRNA 186 standards were 95% and 99%, respectively. 187 188
Fluorescence in situ hybridization 189 2 mL samples were centrifuged at 4°C, 16000 g for 40 min, washed in PBS-buffer and fixed 190 with 4% paraformaldehyde for 3 h using standard protocols (Amann et al., 1990) . Cells were 191
washed two times with 1 mL PBS and finally resuspended in 200 µL of 1: For scanning electron microscopy, late exponential cells were harvested from 40 ml of 199 culture by centrifugation (16000 g, 4 °C, 30 min). The cells were resuspended and washed 200 three times (0.02 mM sodium cacodylate) prior to prefixation (0.5% glutaraldehyde in 0.02 201 mM sodium cacodylate) overnight, after which the concentration of glutaraldehyde was 202 increased to 2.5% for 2h. Fixed cells were spotted onto 0.01%-poly-l-lysine coated glass 203 slides (5 mm) and allowed to sediment for 15 min. Samples were then dehydrated using an 204 ethanol series (30%-100%; 15 min per step) and dried by acetone (2x 100%) and HMDS 205 (2x50%; 2x100%) substitution. The slides were subsequently placed on conductive stubs, 206 gold coated for 30 seconds (JEOL JFC-2300HR) and analyzed (JEOL JSM-IT200). 207 208
Genome assembly 209 DNA was prepared from 480 mL culture using standard procedures and sequenced using a 210
PacBio Sequel sequencer at the VBCF (Vienna BioCenter Core Facilities GmbH). Insert size 211 was 10 kb. Around 500000 reads were obtained with an average size of ~5 kb (N50: 6866 nt, 212 max read length: 84504 nt). 213
The obtained PacBio reads were assembled using the CANU program (version 1.4, 214
parameters "genomeSize=20m, corMhapSensitivity=normal, corOutCoverage=1000, 215 errorRate=0.013") (Koren et al., 2017), and then "polished" with the arrow program from the 216 SMRT analysis software (Pacific Biosciences, USA). The Ca. N. cavascurensis genome 217 consisted of two contiguous, overlapping contigs of 1580543 kb and 15533 kb. A repeated 218 region between both extremities of the longest contig, and the 2 nd small contig obtained was 219 found, and analysed using the nucmer program from the MUMMER package (see Figure  220 Sup. 1) (Kurtz et al., 2004) . This region was merged using nucmer results, and the longest 221 contig obtained was "circularized" using the information of the nucmer program, as sequence 222 information from the 2 nd contig was nearly identical (>99.5%) to that of the extremities of the 223 long contig. The origin of replication was predicted using Ori- , 2015) . In the former case, the trusted cutoff "-cut_tc" was used if 272 defined in the profiles. In the latter case, for each family of interest, sequences were extracted 273 from the arCOG2014 database, aligned using MAFFT ("linsi" algorithm) (Katoh and 274 Standley, 2014), and automatically trimmed at both extremities of conserved sequence blocks 275 using a home-made script relying on blocks built by BMGE v1.12 (BLOSUM 40) (Criscuolo 276 and Gribaldo, 2010) . HMMER was then used to screen genomes for different sets of 277 specialized families (Eddy, 2011). 278 In order to visualize and compare the genetic organization of sets of genes (AMO, Ure, type 279 IV pili), we built HMM profiles (as above except alignments were manually curated for 280 AMO and Ure), based on the corresponding arCOG families and integrated the respective 281 sets of profiles in the MacSyFinder framework that enables the detection of sets of co-282 localized genes in the genome (parameters inter_gene_max_space = 10, 283 min_nb_mandatory_genes = 1 for AMO and Ure, inter_gene_max_space = 10, 284 min_nb_mandatory_genes = 4 for type IV pili) (Abby et al., 2014). MacSyFinder was then 285 run with the models and profiles on the genome dataset, and the resulting JSON files were 286 used for visualization in the MacSyView web-browser application (Abby et al., 2014). The 287 SVG files generated by MacSyView from the predicted operons were downloaded to create 288
figures. 289 290
Reference phylogeny 291
Ribosomal proteins were identified in genomes using a set of 73 HMM profiles built for 73 292 arCOG families of ribosomal proteins (see Genome annotation section). When multiple hits 293
were obtained in a genome for a ribosomal protein, the best was selected. The sequences 294
were extracted and each family was aligned using the MAFFT program ("linsi" algorithm) 295 (Katoh and Standley, 2014) . Alignments were curated with BMGE (version 1.12, default 296 parameters and BLOSUM 45) (Criscuolo and Gribaldo, 2010) and then checked manually. In 297 several cases, sequences identified as part of a given ribosomal protein family did not align 298 well and were excluded from the analysis. In the end, 59 families with more than 35 genomes 299
represented were selected to build a phylogeny. The corresponding family alignments were 300 concatenated, and a tree was built using the IQ-Tree program version 1. sequences to be clustered in a same Silix family, they had to share at least 30% of identity 310 and the blast alignment cover at least 70% of the two sequences lengths. The distribution of 311 protein families of interest was analyzed across the genome dataset. 312 313
Phylogenetic analyses 314
Sequences from Silix families of interest were extracted in fasta files, and a similarity search 315 was performed against a large database of sequences which consisted of 5750 bacterial and 316 archaeal genomes (NCBI Refseq, last accessed in November 2016), and the genomes from 317 our genome dataset. Sequences with a hit having an e-value below 10 -10 were extracted, and 318 the dataset was then de-replicated to remove identical sequences. An alignment was then 319 obtained for the family using MAFFT (linsi algorithm), filtered with BMGE (BLOSUM 30) 320 and a phylogenetic tree was reconstructed by maximum-likelihood using the IQ-Tree 321 program (version 1.5.5, best evolutionary model selected, 1000 UF-Boot and 1000 aLRT 322 replicates with an apparent (but relatively wide) temperature optimum around 68°C (Fig. 2 ). 365 366
In fluorescence in situ hybridizations (FISH) with archaea-and bacteria-specific probes, all 367 coccoid-shaped cells of less than 1 µm in diameter were assigned to the AOA, while all 368
shorter and longer rod-shaped morphotypes were clearly assigned to bacteria (Fig. 3A, B ). 369
Scanning electron microscopy revealed the typical spherical and irregular shape of cocci, as 370 seen e.g., for the ammonia oxidizing archaeon Nitrososphaera viennensis ( 2014)). Intriguingly, and similar to Sulfolobales, we find two copies of the gene encoding for 443 4-hydoxybutyryl-CoA dehydratase located in tandem. The first copy (NCAV_0127) is 444
homologous to the other AOA sequences which are more closely related to fermenting 445
Clostridia rather than their crenarchaeal counterparts ("Cren Type-1", Fig. S2 subunit composition as a type 3b hydrogenase, the alpha and delta subunits belong to the 475 arCOG01549 and arCOG02472 families respectively, which contain coenzyme F420-reducing 476 hydrogenase subunits, so far exclusively found in methanogenic archaea. Given the fact that 477
Thaumarchaeota can synthesize this cofactor and encode a number of F420-dependent 478 oxidoreductases with a yet unknown function, it is interesting to speculate whether oxidized 479 F420 could also be a potential substrate for the hydrogenase. Expression of the hydrogenase is 480 likely regulated through a cAMP-activated transcriptional regulator encoded within the 481 hydrogenase gene cluster ( Supplementary Table 1 ). 482 483
Adaptations to thermophilic life 484
The molecular adaptations that enable survival and the maintenance of cell integrity at high 485 temperatures have been the subject of intense studies since the discovery of thermophilic 486 organisms. Interestingly, we could not identify a gene encoding for reverse gyrase in the genome of Ca. 495 N. cavascurensis. This might either reflect that its growth optimum is at the lower end of 496 extreme thermophiles or that there is a separate evolutionary line of adaptation to 497 thermophily possible without reverse gyrase. 498 499
The following DNA repair mechanisms were identified in the genome of Ca. N. 500 cavascurensis, in agreement with the general distribution of these systems in thermophiles 501
(for reviews see ( nuclease pair XPB-Bax1 and nuclease XPF were found in the genome, but repair nuclease 515 XPD could not be identified. XPD is present in all so far analyzed mesophilic AOA, but it is 516 also absent in other thermophiles (Kelman and White, 2005) . It should be noted that NER 517 functionality in archaea is still unclear, and deletions of the respective genes were shown to 518 have no observable phenotype (Grogan, 2015) . 519 d) Translesion polymerase: A Y-family polymerase with low-fidelity able to perform 520 translesion DNA synthesis is encoded in Ca. N. cavascurensis. 521
Key enzymes of all the above-mentioned systems are also found in mesophilic AOA. Given 522 their extensive study in the crenarchaeal (hyper)thermophiles, it would be interesting to 523 characterize their respective functions and regulation in both mesophilic and thermophilic 524
Thaumarchaeota. 525 e) Bacterial-type UvrABC excision repair: In contrast to mesophilic AOA and in agreement 526
with the known distribution of the system among mesophilic archaea and bacteria but its 527 absence in (hyper)thermophiles, Ca. N. cavascurensis does not encode homologs of this 528 repair machinery. 529 530
Ca. N. cavascurensis could potentially produce the polyamines putrescine and spermidine, 531
which have been shown to bind and stabilize compacted DNA from thermal denaturation, 532
acting synergistically with histone molecules, also present in AOA (Higashibata et al.,  533 2000; Oshima, 2007) . Although a putative spermidine synthase is also found in mesophilic 534 AOA, the gene encoding for the previous step, S-adenosylmethionine decarboxylase 535 (NCAV_0959), is only found in Ca. N. cavascurensis, located in tandem with the former. The 536 biosynthesis of putrescine (a substrate for spermidine synthase) is unclear, since we could not 537 identify a pyruvoyl-dependent arginine decarboxylase (ADC, catalyzing the first of the two-538 step biosynthesis of putrescine). However, it was shown that the crenarchaeal arginine 539 decarboxylase evolved from an S-adenosylmethionine decarboxylase enzyme, raising the 540 possibility of a promiscuous enzyme (Giles and Graham, 2008) . 541 542
The production of thermoprotectant compounds with a role in stabilizing proteins from heat 543 denaturation seems to be a preferred strategy of heat adaptation in Ca. N. cavascurensis. 544
Firstly, the presence of mannosyl-3-phosphoglycerate synthase (NCAV_1295) indicates the 545 ability to synthesize this compatible solute, shown to be involved in heat stress response and 546 protect proteins from heat denaturation in Homologs of genes for the Cdv cell division system proteins CdvB (3 paralogues) and CdvC, 575
but not CdvA, were identified in Ca. N. cavascurensis. This is surprising given that all three 576 proteins were detected by specific immuno-labelling in the mesophilic AOA N. maritimus, 577
where CdvA, CdvC and two CdvB paralogues were shown to localize mid-cell in cells with 578 segregated nucleoids, indicating that this system mediates cell division in thaumarchaeota 579 (Pelve et al., 2011 and CdvC are homologous to the eukaryotic ESCRT-III system and therefore seem to have 595 fixed roles in evolutionary terms, this observation raises interesting questions regarding the 596 versatility of different players of the cell division apparatus. 597 598
Ca. N. cavascurensis has a dynamic genome 599
The Ca. N. cavascurensis genome contains large clusters of genes that showed deviations 600 from the average G+C content of the genome (i.e., 41.6%), indicating that these regions 601 might have been acquired by lateral gene transfer (Fig. 7) . 602
Two of the larger regions were integrative and conjugative elements (ICE-1 and ICE-2 in 603
Figures 7 and 8) of 65.5 kb and 43.6 kb, respectively. Both are integrated into tRNA genes 604 and flanked by characteristic 21 bp and 24 bp-long direct repeats corresponding to the 605 attachment sites, a typical sequence feature generated upon site-specific recombination 606 between the cellular chromosome and a mobile genetic element (Grindley et al., 2006) . ICE-1 607
and ICE-2 encode major proteins required for conjugation (colored in red in Fig. 8A ), 608
including VirD4-like and VirB4-like ATPases, VirB6-like transfer protein and VirB2-like 609 pilus protein (in ICE-2). The two elements also share homologs of CopG-like proteins 610
containing the ribbon-helix-helix DNA-binding motifs and beta-propeller-fold sialidases (the 611 latter appears to be truncated in ICE-1). The sialidases of ICE-1 and ICE-2 are most closely 612 related to each other (37% identity over 273 aa alignment). It is not excluded that ICE-1 and 613 ICE-2 have inherited the conjugation machinery as well as the genes for the sialidase and the 614
CopG-like protein from a common ancestor, but have subsequently diversified by accreting 615 functionally diverse gene complements. Indeed, most of the genes carried by ICE-1 and ICE-616 2 are unrelated. ICE-1, besides encoding the conjugation proteins, carries many genes for 617 proteins involved in DNA metabolism, including an archaeo-eukaryotic primase-superfamily 618 3 helicase fusion protein, Cdc6-like ATPase, various nucleases (HEPN, PD-(D/E)XK, PIN), 619
DNA methyltransferases, diverse DNA-binding proteins and an integrase of the tyrosine 620 recombinase superfamily (yellow in Fig. 8A ). The conservation of the attachment sites and 621 the integrase gene as well as of the conjugative genes indicates that this element is likely to 622 be a still-active Integrative and Conjugative Element (ICE) able to integrate the chromosome 623 and excise from it as a conjugative plasmid. 624 ICE-2 is shorter and encodes a distinct set of DNA metabolism proteins, including 625 topoisomerase IA, superfamily 1 helicase, ParB-like partitioning protein, GIY-YIG and 626 FLAP nucleases as well as several DNA-binding proteins. More importantly, this element 627 also encodes a range of proteins involved in various metabolic activities as well as a 628
Co/Zn/Cd efflux system that might provide relevant functions to the host (green in Fig. 8A ). 629
In bacteria, ICE elements often contain cargo genes that are not related to the ICE life cycle 630
and that confer novel phenotypes to host cells (Johnson and Grossman, 2015) . It is possible 631 that under certain conditions, genes carried by ICE-1 and ICE-2, and in particular the 632 metabolic genes of ICE-2, improve the fitness of Ca. N. cavascurensis. Notably, only ICE-1 633 encodes an integrase, whereas ICE-2 does not, suggesting that ICE-2 is an immobilized 634 conjugative element that can be vertically inherited in AOA. Given that the attachment sites 635 of the two elements do not share significant sequence similarity, the possibility that ICE-2 is 636 mobilized in trans by the integrase of ICE-1 appears unlikely. 637
638
The third mobile genetic element is derived from a virus, related to members of the viral 639 order Caudovirales (Fig. 8B) (Prangishvili et al., 2017) . It encodes several signature proteins 640 of this virus group, most notably the large subunit of the terminase, the portal protein and the 641 HK97-like major capsid protein (and several other viral homologs). All these proteins with 642 homologs in viruses are involved in virion assembly and morphogenesis. However, no 643 proteins involved in genome replication seem to be present. The element does not contain an 644
integrase gene, nor is it flanked by attachment sites, which indicates that it is immobilized. 645
Interestingly, a similar observation has been made with the potential provirus-derived 646 element in N. viennensis (Krupovic et al., 2011) . Given that the morphogenesis genes of the 647 virus appear to be intact, one could speculate that these elements represent domesticated 648 viruses akin to gene transfer agents, as observed in certain methanogenic euryarchaea 649 (Eiserling et al., 1999; Krupovic et al., 2010) , or killer particles (Bobay et al., 2014), rather 650 than deteriorating proviruses. Notably, ICE-1, ICE-2 and the provirus-derived element all 651 encode divergent homologs of TFIIB, a transcription factor that could alter the promoter 652 specificity to the RNA polymerase. 653 654
A fourth set of unique, potentially transferred genes encodes a putative pilus (Fig. 8C ). All 655 genes required for the assembly of a type IV pilus (T4P) are present, including an ATPase 656
and an ATPase binding protein, a membrane platform protein, a prepilin peptidase, and 657 several prepilins (Makarova et al., 2016) . Based on the arCOG family of the broadly 658
conserved ATPase, ATPase-binding protein, membrane-platform protein, and prepilin 659 peptidase (arCOG001817, -4148, -1808, and -2298), this pilus seems unique in family 660
composition, but more similar to the archetypes of pili defined as clades 4 (A, H, I, J) by 661
Makarova and colleagues, which are mostly found in Sulfolobales and Desulfurococcales 662 ( Fig. 4 from (Makarova et al., 2016) ). Yet, the genes associated to this putative pilus seem to 663 be more numerous, as the locus consists of approximately 16 genes (versus ~5 genes for the 664 aap and ups in Sulfolobus). Such a combination of families is not found either in the T4P or 665 flagellar loci found in analysed Thaumarchaeota genomes. Prepilins are part of the core 666 machinery of T4P, but display a high level of sequence diversity. The three prepilins found in 667
Ca. N. cavascurensis T4P locus correspond to families that are not found in any other 668 genomes from our dataset (arCOG003872, -5987, -7276). We found a putative adhesin right 669 in between the genes encoding the prepilins, and therefore propose that this Ca. N. 670 cavascurensis-specific type IV pilus is involved in adhesion (Fig. 8C ). This pilus thus appears 671 to be unique in protein families composition when compared to experimentally validated T4P to different types. Interestingly, this pilus gene cluster lies directly next to a conserved 676 chemotaxis/archaellum cluster as the one found in N. gargensis or N. limnia (four predicted 677 genes separate the T4P genes and cheA, Fig. 8C ) (Spang et al., 2012) . This suggests that this 678 pilus might be controlled by exterior stimuli through chemotaxis. The interplay between the 679 archaellum and pilus expression would be interesting to study in order to comprehend their 680 respective roles. 681 682
The genome of Ca. N. cavascurensis also carries traces of inactivated integrase genes as well 683
as transposons related to bacterial and archaeal IS elements, suggesting that several other 684 types of mobile genetic elements have been colonizing the genome of Ca. N. cavascurensis. 685
Collectively, these observations illuminate the flexibility of the Ca. N. cavascurensis genome, 686 prone to lateral gene transfer and invasion by alien elements. Accordingly, we found a 687 CRISPR-Cas adaptive immunity system among the sets of genes specific to Ca. N. 688 cavascurensis that we could assign to the subtype I-B (Abby et al., 2014). We detected using 689 the CRISPRFinder website (Grissa et al., 2007) at least three CRISPR arrays containing 690 between 4 and 101 spacers presumably targeting mobile genetic elements associated with Ca. 691 N. cavascurensis, reinforcing the idea of a very dynamic genome. Interestingly, the second 692 biggest CRISPR array (96 spacers) lies within the integrated conjugative element ICE-1, 693
which we hypothesize to be still active. This suggests that ICE-1 may serve as a vehicle for 694 the horizontal transfer of the CRISPR spacers between Ca. N. cavascurensis and other 695 organisms present in the same environment through conjugation, thus spreading the acquired 696 immunity conferred by these spacers against common enemies. 697 698
Conclusions 699
We present an obligately thermophilic ammonia oxidizing archaeon from a hot spring in the 700
Italian island of Ischia that is related to, but also clearly distinct from Ca. Nitrosocaldus 701 yellowstonii. It contains most of the genes that have been found to be conserved among AOA 702
and are implicated in energy and central carbon metabolism, except nirK encoding a nitrite 703 reductase. Its genome gives indications for alternative energy metabolism and exhibits 704 adaptations to the extreme environment. However, it lacks an identifiable reverse gyrase, 705
which is found in most thermophiles with optimal growth temperatures above 65°C and 706 apparently harbors a provirus of head-and-tail structure that is usually not found at high 707 temperature. Ca. N. cavascurensis differs also in its gene sets for replication and cell division, 708
which has implications for function and evolution of these systems in archaea. In addition, its 709 extensive mobilome and 
